Patients with critical limb ischemia are at risk of limb loss and have very high cardiovascular and total mortality rates, which are greater than can be accounted for by the usual risk factors for atherosclerosis. A definition of critical ischemia is necessary to determine the natural history of the disease and to assess and compare the efficacy of various forms of therapy. The definition needs to be based on hemodynamic criteria because clinical manifestations and outcomes are not reliable. The reasons for the difficulties in arriving at a generally acceptable definition are explored. Building on the previous work of others, modified hemodynamic definitions for critical and subcritical ischemia, which include measurements of pressures and of indices of microcirculation, are proposed.
Introduction
The concept of critical limb ischemia (CLI) evolved from the term 'limb salvage' which has been used extensively to categorize operations intended to save a limb which otherwise would be amputated. The Working Party of the International Vascular Symposium first proposed objective criteria for CLI based on ankle pressure measurements. I Suggested standards for reports dealing with lower extremity ischemia formulated by the Adhoc Committee on Reporting Standards of the Society for Vascular Surgery and of the International Society for Cardiovascular Surgery, chaired by Rutherford, contained hemodynamic criteria for ischemic rest pain and tissue necrosis.' They included toe pressure measurements and pulsatility at the ankle or in the metatarsal region in addition to the ankle pressure criteria. Extensive multidisciplinary consultations began in Europe in 1988 and led to the publication of the first and second European consensus document on chronic critical leg ischemia under the chairmanship of Dormandy.v' In addition to the ankle and toe pressure criteria of CLI, the second European consensus document emphasized the importance of and the need to obtain information on the quantity of distal perfusion and the status of the microcirculation. Suggestions for further revisions of the previous Importance A definition of CLI is necessary to assess the natural history of the disease and the results of the management of patients, including risk factor modification, exercise, pharmacotherapy, and surgical and percutaneous procedures. Lack of uniform criteria in reporting the results of studies of CLI precludes acquisition of reliable data and comparison of the efficacy of therapeutic strategies.
The need for an objective definition of CLI became even more important due to recent evidence that patients with peripheral arterial disease and particularly those with CLI have excessively high risks of cardiovascular events and mortality. Several studies demonstrated that patients with peripheral arterial disease, for example, documented by an abnormal ankle/brachial index, have cardiovascular and total mortality rates that are greater than can be accounted for by the risk factors of hyperlipidemia, smoking, hypertension and diabetes and the presence of clinical evidence of ischemic heart disease.":"? These excessive risks are present even in asymptomatic patients and are higher in those with intermittent claudication. Patients with CLI have extremely poor prognosis. The rates of amputation and mortality are both estimated to be 10-20% per year or higher and prognosis is worse in patients with diabetes or with renal failure. 4 • s , I I- 13 These considerations have important implications for clinical practice. Surgery in a patient with a skin ulcer and arterial disease tends to be associated with significant risks because of the frequent co-existence of clinical or subclinical disease in the vessels supplying the heart and the brain. Therefore, the presence or absence of CLI has a bearing on the decision whether surgical or conservative management are in the best interest of each patient. Also, in the jurisdictions where health care resources are limited and choices may have to be made, conservative therapy is worth trying in the absence of clear evidence of severe CLI. Alternatively, in the presence of established, severe CLI, early amputation is indicated if arterial surgery is not feasible.
Criteria of chronic critical limb ischemia

Clinical
Clinical criteria based on the Fontaine categories of rest pain and gangrene or ulcers, and on clinical outcomes, are not sufficiently objective and specific. Rest pain often improves over a period of time and is absent in some patients with diabetic neuropathy. Although in many patients it is clear that a major amputation will be required unless circulation can be substantially improved by surgery or angioplasty, in other cases it is far from certain. The problem with cases in which arterial surgery is carried out, is that it is not possible to prove that amputation would have been required had the operation not been carried out. Some patients refuse arterial reconstructive surgery and their skin lesions heal. Similarly, skin lesions heal in some patients who refuse amputation and the limb is preserved.
Hemodynamic
Local arterial pressure Distal systolic pressure measurements were found to be a more sensitive index of arterial obstruction than measurements of blood tloW. 14. 15 Both ankle and toe pressures correlated well with the severity of symptoms and with the angiographic evidence of obstruction in large series of patients!":" and were shown to be helpful in the management of patients with peripheral arterial disease. 12.15.22.23 Spontaneous healing of skin ulcers or gangrene in limbs with arterial disease indicates absence of critical ischemia, whereas lack of healing leading to amputation suggests that it is present. There is considerable experience with the relationship of the local systolic pressures to the chances of spontaneous healing of skin lesions and minor amputations. Measurements of 'skin perfusion pressure', which likely reflects pressure in small cutaneous arteries, were reported to correlate with healing of lesions and ampurations.P':" This method is particularly attractive in limbs in which toe pressure cannot be measured because of previous amputations or lesions on medial digits. However, this technique is more cumbersome than the measurements of ankle and toe pressures, and further studies are needed to determine its potential value and the role in the assessment of CLI. Early studies reported that healing did not take place and major amputation had to be carried out in the majority of limbs with ankle pressure below 50-55 mmHg.'5.22.23 However, when the pressure was higher the chances of healing were uncertain and amputation had to be carried out in many patients, more frequently in the diabetlcs.P-" Lack of healing in limbs with higher ankle pressure is related to Vascular Medicine 1997; 2: 126-13\ Critical limb ischemia 127 a high incidence of additional obstruction in the individual tibial or peroneal arteries, which often is not detected by the ankle pressure measurements and to the obstruction in the foot vessels distal to the ankle.15.IM.19 Also, increased stiffness and calcification in the walls of the leg arteries in the diabetics and in some other patients may render such vessels rigid so that they resist compression by the blood pressure cuffs resulting in falsely high pressure values in many limbs.4.'5.22.23 Recent experience in the author's laboratory showed that ankle pressures were unmeasurable or unreliable in 19% of patients with diabetes and in 6% of those without diabetes (unpublished data). The latter group includes patients on dialysis, on chronic steroid therapy, elderly patients whose age approaches or exceeds 80 years, and after either renal or cardiac transplantation.Pr'">" Also, neuropathy and surgical denervation promote medial calcification in diabetic and nondiabetic patients.Y'" Toe pressure measurements do not appear to be subject to the limitations that affect ankle pressures. 4.15.19.22.23 We found that they correlated well with spontaneous healing of skin lesions'? and similar results were reported by other invesrigators.P-":":" There was spontaneous healing of skin ulcers or gangrene in over 90% of extremities with toe pressure above 30 mmHg. Also, healing of distal toe and foot amputations and of elective foot surgery in patients with arterial disease occurs in the limbs with such pressures. 32.3J Although toe pressure above 30 mmHg is a good predictor of healing, spontaneous healing also occurs in 20-30% of limbs with lower pressures.P:" Chances of healing decrease with the decrease in pressure, even below 30 mmHg, but healing occurs in some limbs with pressure below 20 mmHg.
Thus, toe pressure above 30 mmHg is a reliable predictor of spontaneous healing and absence of CLI, but in the presence of lower pressure prognosis is uncertain. Although, as indicated above. ankle pressure below 50 mmHg suggests poor prognosis to the limb and high likelihood that CLl is present, there are exceptions. Among 107 limbs with toe pressure ,.,;30 mmHg. there were 26 limbs with ankle press-ure~50 mmllg." In nine of these there was no rest pain or skin lesions and in some limbs with lesions and low ankle pressure spontaneous healing took place. Others reported similar results. 12 • 3 1
In the same series of 107 limbs with toe pressure ,.,;30 mmHg, there was no rest pain or skin lesionsin 50%.J4 The finding that in a significant proportion of limbs with low distal pressures there is no CLI and that prognosis in such cases may be good,II.3'" is consistent with the notion that among such limbs there are extremities with different blood flows and distal perfusion. The importance of the relationship of distal perfusion and of the status of the microcirculation to the CLI was well documented in the second European consensus document." Therefore, there is a need to include some measures of distal blood flow or microcirculation in the definition of critical ischemia.
Tissue perfusion
Whether or not an ulcer will heal and the limb can be preserved will depend ultimately on the presence of an adequate supply of oxygen and nutrients to the tissues by the local blood flow, except in cases of uncontrolled or deep-seated infection. However. measurements of blood flow and related phenomena in the microcirculation tend to be more cumbersome than pressure measurements and often do not lend themselves readily to routine laboratory testing. The techniques that have been utilized include plethysmography, vital capillaroscopy, isotope clearance, laser Doppler flowmetry, transcutaneous oxygen tension, measurements of plethysmographically recorded pulse waves and velocity flow assessment by the Doppler technique. 35 -4 1 Mean total foot blood flow in the presence of severe arterial disease is lower than in the limbs with less severe disease, but there is considerable overlap of individual values." This is also the case with other measurements, e.g. of arterial velocity patterns or of transcutaneous oxygen tension.P:" The finding of a relatively high blood flow in apparently ischemic limbs, together with high venous oxygen saturation suggested that in such extremities blood flow occurs mainly through non-nutritive channels." Also, capillary microscopy demonstrated skin areas in ischemic feet that were devoid of perfused capillaries." There is considerable evidence that in critically ischemic extremities there are areas of the tissues without adequate blood supply." Although nutritive blood flow can be estimated by the isotope clearance technique, the measurements do not lend themselves to routine use in clinical vascular laboratories. 37 .43 Underperfusion or lack of perfusion leads to events in the microcirculation which include activation of white blood cells, platelet aggregation, plugging of the capillaries, endothelial changes and release of toxic free radicals which promote increasing ischemia, tissue damage and necrosis.v'?
Such events also lead to the release of activated white blood cells into the circulation and changes in the rheology of the blood, draining the ischemic areas, and are associated with changes in remote vascular beds. 45 .4 6 These effects of ischemia have been shown not only in patients with critically ischemic extremities but also after intermittent ischemia associated with claudlcation.Pr" Such phenomena may be related to the occurrence of the excessively high rates of cardiovascular events and mortality in patients with peripheral arterial disease.":'?
Suggested measurements of tissue perfusion for assessment of critical ischemia: Although vital capillaroscopy is a valuable technique for the study of the microcirculation it has not been used widely." However, measurements of transcutaneous oxygen tension and pulse wave recordings are carried out in many laboratories. Although refinement of these techniques may be needed. current information suggests that certain criteria are useful and can be used as part of the definition of critical limb ischemia. Pulse waves can be recorded quickly and easily using various forms of plethysmography. The amplitude of digital pulses correlates with blood flow'? and can be used as a crude index of tissue perfusion. Pulse wave measurements correlate with the severity of symptoms and with angiographic evidence of the severity of the disease. 16, 40 Measurement of pulse waves was recommended as a measure to be used in the assessment of the circulation in diabetic extremities" and to assess limbs for severe ischemia.P" In a recent study of pulse waves recorded from the toes using photoplethysmography, low wave amplitude (less than 4 mm) was found to increase the odds ratio for the presence of skin ulceration, gangrene or rest pain in a series of limbs with toe pressure~30 Vascular Medicine 1997; 2: 126-131 mmHg, after controlling for ankle and toe pressure values.:" To give reliable results pulse waves have to be recorded after a period of warming. Finding high amplitude pulse waves in the toes or at the foot indicates at least a fairly good level of blood flow at the site of the measurement and suggests that the presence of critical ischemia is unlikely. Although pulse wave records will vary with the characteristics of the sensors and the recording equipment. the simplicity of the method and the ability to assess pulsatility in individual digits and in various areas of the foot make it a practical method for assessment of distal perfusion as indicated by the reports of the practical value of the technique in patient management. 23,34.50 Values of transcutaneous oxygen tension depend on the temperature applied to the skin by the measuring electrode assembly." When the tension is measured on the dorsum of the distal part of the foot using an electrode temperature set at 44°C or 45°C, tensions above 30 mmHg in the supine position, or above 40 mmHg while sitting. correlate well with spontaneous healing of skin lesions and of distal amputations, and thus are consistent with the absence of critical ischemia.P:" Healing was also reported in a significant proportion of limbs with supine oxygen tensions between 10-30 mmHg. 52 .55-57 On the other hand. if the tension is~I0 mmHg with the patient supine and does not rise to 40 mmHg while sitting, the presence of CLI is very likely.54,58 Measurements with patients breathing 100% oxygen were reported to improve the accuracy of predicting the healing," but this was not confirmed in another study, 54 Also, measurements with the limbs elevated were helpful in determining the likelihood of healing when supine measurements were between 10 and 30 mrnflg." It is likely that these criteria of transcutaneous oxygen tension will require modification as more studies become available. Higher oxygen tension values might be needed to heal extensive lesions in the region of the heel." Measurements of oxygen tension can be influenced by the presence of edema and infection and therefore it is important to repeat measurements in such cases after these conditions are controlled." It is also relevant to consider that pulse wave recording and measurements of oxygen tension provide information about the perfusion of the regions where the measurement is done. The presence of local areas of underperfusion may interfere with healing of ulcers in the feet when there is no critical ischemia in other areas.??
Reasons for the difficulties in arriving at hemodynamic criteria of critical limb ischemia
Agreement on generally acceptable criteria has been difficult to attain. This is due, in part, to differences in the results obtained using pressure measurements and tests that assess distal perfusion in the microcirculation in various laboratories. Also, some investigators" reported higher than expected rates of amputation and mortality in patients who fulfilled pressure criteria of eLI recommended by the second European consensus document." Such poor prognosis indicates advanced disease, which might not be amenable to pharmacotherapy, and led to the suggestion that criteria be revised to include patients with less severe disease in whom such therapies might be beneficial."
It is not clear why different rates of amputation and mortality are reported by various investigators. However, it is important to consider potential reasons for such differences. The outcomes of major amputation and death are combined in some studies and reported separately in others. Although European partners reported the combined incidence of major amputation and mortality of 45% over a 6-month period," in other reports the rates were lower.t":':' The differences in reported outcomes could be related to differences in the populations studied. Those with very poor outcomes might represent cohorts with more virulent forms of disease and with greater susceptibility to progression. Differences in ethnic, environmental and life style characteristics appear to influence various mechanisms of the development of atherosclerosis, its complications and of the microcirculatory responses to ischemia" apart from the usual risks factors. The differences are also probably related to different patterns of practice and referral and to local differences in surgical techniques and skills. Such differences might result in some groups containing higher proportions of subjects with more advanced stages of ischemia or deep seated infection. The outcomes could be different in limbs with rest pain but no skin lesions and in those with lesions of different size and in various locations, i.e., limited to the toes, on the distal or proximal part of the foot, and on the heel. The results tend to be worse in diabetic patients who are more susceptible to develop extensive infection.P:" Also, prognosis is likely to be different in studies of patients in whom arterial surgery is not technically feasible because of the extent of the disease than in cohorts that include or consist of cases in which the ischemia is not progressing rapidly and conservative management is elected despite the presence of an operable lesion. 11 • 6 1 Therefore, subgroups with these characteristics should be identified in future studies. The results would provide important information and show whether or not different hemodynamic criteria for CLI need to be used for such subgroups of patients.
Another reason for the differences in outcomes might be related to differences in the measurement techniques of the hemodynamic variables. We recently demonstrated that local and body temperature have significant effects on the values of toe and ankle pressures in patients with arterial obstruction. 62 ,63 In a warm state, e.g., produced by body heating. vasodilatation leads to a higher total flow to the extremities. which results in greater loss of pressure energy and lower toe and ankle pressures. Conversely, if the patient and his feet are cold. lower flow decreases energy loss and distal pressures are higher. On the other hand, in some patients, whose digital vessels are more sensitive to cold. low local temperature leads to excessive vasoconstriction of the main digital arteries and their delayed opening during deflation of the blood pressure cuffs and thus results in 'falsely' low digital pressure values. 63 -65 Therefore, it has been recommended that peripheral pressure measurements are carried out after a brief period of warming of the patients and their extremities, e.g., using an electric heating blanket. 19 , 6 3 Otherwise, if patients are tested in a vasoconstricted state, their toe and ankle pressures tend to be higher than if they were tested after a period of warming and, for example, toe pressure can exceed 30 mmHg. Thus, cohorts in studies in which patients are tested in a relatively vasoconstricted state might contain a greater proportion of sub-Vascular Medicine 1997; 2: 126-131
Critical limb ischemia 129 jects with more severe obstruction than the measurements indicate, and the results would be different than in studies in which testing is done with patients buffered from the effect of low temperature. Therefore, measurements without preliminary warming might result in different findings in studies carried out in countries with different climates.
Local temperature also has an important effect on the difference between the ankle and toe pressure which is usually lower when the extremity is cold.?" Apart from the already discussed factors that affect the ankle and toe pressures, it is important to realize that the difference between the ankle and toe pressure in the same limb can be considerable. Tonnesen et al reported median ankle minus toe pressure differences of 44, 35, 44 and 57 mmHg respectively in patients with intermittent claudication, nondiabetic limbs with rest pain, nondiabetic limbs with skin ulceration or gangrene and the diabetic limbs with skin lesions."? Similarly, mean ankle minus toe pressure differences of 50-60 mmHg were found in subgroups of 287 extremities with various degrees of arterial disease."
Other technical aspects of the measurements are also important in order to obtain accurate and comparable results. The use of Doppler flow detectors is not reliable in the measurements of digital pressures and it is necessary to use strain gauge or photocell plethysrnography.v-" Also, to obtain good end-points during cuff deflation, the toe distal to the blood pressure cuff has to be rendered relatively bloodless either by squeezing it between technologist's fingers or by the tight application of a rubber dam before inflating the cuffs. 19 • 62 
Conclusions
Objective hemodynamic criteria of CLI are necessary because clinical criteria and outcomes are not reliable. The criteria have to include measurements of both ankle and toe pressure, and of distal perfusion. It is suggested that they be based on the pressure criteria of the second European consensus document refined by the inclusion of a measure of blood flow or microcirculation, i.e., pulse wave amplitude, transcutaneous oxygen tension or both as indicated above, even though the criteria of these measures of tissue perfusion may need to be modified as more data become available. The available studies show that one can rule out the presence of critical ischemia if toe pressure is above 30 mmHg, and this can be confirmed by finding pulse waves with high amplitude and/or high transcutaneous oxygen tension. Certainly extremities with such hemodynamic data should not be included in the studies of limbs with chronic critical ischemia. Also, patients with such findings often do well without arterial surgery or angioplasty in clinical practice.
The concept of subcritical chronic limb ischemia has been recently proposed to encompass those extremities in which there are skin lesions or rest pain but higher pressures." Since rest pain or skin lesions were reported in 16% of limbs with toe pressure between 30 and 40 mmHg and in 24% of those with ankle pressure between 50 and 60 mmllg," these pressure ranges are suggested as indicating subcritical chronic ischemia if associated with relatively low oxygen tension and/or pulse waves of low amplitude. Patients with subcritical ischemia constitute a group that requires careful follow up in clinical practice and can be included as a separate category in clinical trials.
In reports dealing with the natural history and clinical trials in critical and subcritical limb ischemia, it is useful to report outcomes to the limb and to life both in combination and separately. Different degrees of ischemia as defined by specific values of pressure or distal perfusion might have different prognostic significance for the outcome to life than to the limb. Limbs in which there is rest pain but no skin lesions should be identified separately from those with lesions. The size and location of the skin lesions, the presence or absence of operable lesions in the arterial tree and of diabetes also need to be reported. Analysis of the results in subgroups according to these features will show to what extent the outcome and the results of therapy may be different in such patient subgroups and whether or not different hemodynamic criteria need to be used. Additional time is needed to carry out some of the measurements included in the proposed definitions above, in addition to routine pressure tests. However, the additional technical and time resources, while significant, are relatively minor compared to the high costs of invasive treatments and of multicenter studies of interventional and noninterventional therapies. The cost of not refining the definition and of not including technical uniformity of both pressure and flow assessment could be prohibitive. The use of a definition based only on the values of the ankle press-Vascular Medicine 1997; 2: 126-131 ure or of the ankle/brachial index, which indicate only that an arterial obstruction is present in a limb with a skin lesion or rest pain, would be a retrogressive step, similar to using the clinical Fontaine classification alone. Costly studies using such a definition are not likely to provide reliable data or would provide information of limited value.
Summary of proposed definitions
